Some thermal dosimetry methods for the analysis of human exposure to high frequency (HF) electromagnetic radiation are reviewed in this work. The formulation is based on the bio-heat transfer equation. Calculating the distribution of specific absorption rate (SAR) inside the biological body provides an assessment of a related thermal response to HF electromagnetic fields. The temperature increase is obtained by solving the bio-heat transfer equation for different exposure scenarios via Boundary Element Method (BEM) and Finite Element Method (FEM), respectively. Some illustrative computational examples are presented in the paper.
Introduction
The dominant and well-established biological effect due to human exposure to high frequency (HF) electromagnetic radiation is tissue heating [1] [2] [3] [4] [5] [6] . Thermal effects are often defined in terms of energy deposition higher than the thermoregulatory capacity of the human body [3] . Consequently, adverse effects can occur when the total power absorbed by the body is large enough to cause protective mechanisms for heat control to break down, thus resulting in uncontrolled rise in the body temperature (hyperthermia).
The hazardous field levels can be quantified analysing the thermal response of the human body exposed to HF radiation. The problem to be considered is by itself twofold. First, the rate of power deposition in tissue due to HF radiation has to be calculated; and second the related temperature distribution within the body has to be assessed. The electromagnetic analysis itself includes the incident field dosimetry (modeling of the radiation sources) and internal field dosimetry (modeling of the field induced in the body).
This paper reviews the previous work by the authors related to models and methods of thermal dosimetry [5] [6] [7] [8] [9] .
Thermal behaviour of the human body is analysed through the solution of the bio-heat transfer equation representing the balance between internal heat generation due to metabolism, internal convective heat transfer due to blood flow, external interaction by convection and radiation and cooling of the skin by sweating and evaporation and finally absorbed energy due to radiation [4] .
In this paper, the bio-heat transfer equation is numerically solved using the Boundary Element Method (BEM) and the Finite Element Method (FEM) for different models of the human body. The thermal response of both simplified and realistic body model, respectively, is obtained. Also, a temperature increase in the human eye model is determined.
Formulation
The rate of volumetric heat generation due to the electromagnetic radiation is obtained from HF electromagnetic dosimetry methods [6] [7] [8] [9] .
The key point in of internal dosimetry pertaining to HF bioelectromagnetics is related to the level and distribution of the electromagnetic energy absorbed by the human body This effect is standardly quantified in terms of the Specific Absorption Rate (SAR) being defined as the mass averaged power P, i.e. rate of energy W absorbed by the biological body:
where C is the specific heat capacity of actual tissue, T is the temperature while t denotes time.
On the other hand, the localized SAR directly depends on the internal field, as well, and, therefore, the main task of the internal dosimetry is the assessment of the electric field distribution inside the human body.
Thus, SAR in tissue is proportional to the square of the internal electric field:
where E is the peak value of the electric field,  is the conductivity of the tissue and ρ is the tissue density. Generally, SAR values are strongly dependent on the incident field parameters, the electrical properties of the exposed body, reflecting and absorbing effects of the nearby objects, etc. When the external field is parallel to the human body the whole body SAR reaches maximal values.
The thermal steady state phenomena in the body are analyzed using the stationary bio-heat transfer equation [4] :
where:  is the thermal conductivity, W b is the volumetric perfusion rate, T is the tissue temperature, C pb is the specific heat of blood, T a is the arterial temperature, Q m is the power produced by metabolic process and Q EM is the electromagnetic power deposition -a source term directly related to SAR and deduced from electromagnetic analysis:
Furthermore, the boundary condition at the interface between skin and air, and is given by:
where q is the heat flux density defined as:
while H, T s and T a denote, respectively, the convection coefficient, the temperature of the skin, and the temperature of the air.
Models and methods
Various models for different exposure scenarios are discussed in the paper; simplified cylindrical body model, three-dimensional anatomically based body model and two-dimensional model of the human eye. Certain variants of BEM and FEM have been implemented to solve related problems. For the sake of completeness, these numerical procedures are outlined in Appendix A and B, respectively.
Computational examples
First example deals with a simplified cylindrical body model exposed to radiation of a base station antenna system mounted on a roof-top of a 35 m high building. The maximal value of the radiated electric field, tangential to the body, at 30 m distance of the antenna system main beam in a nearby flat calculated via ray-tracing algorithm [8] is 15 V/m. The calculation of SAR distribution within a cylindrical body representation, Fig 1, is available in [8] , as well.
Temperature distribution inside the body due to the absorbed electromagnetic energy is determined by solving the bio-heat transfer equation (3) by means of the dual reciprocity boundary element method (DR-BEM) [8, 10] . The average thermal properties of the human body model are as follows [5, 6] The total temperature increase obtained for the cylindrical body model inside the muscle tissue, due to the both metabolic heat production and electromagnetic power deposition is around 37.17°C. The maximum calculated temperature rise is T=4.66*10 -6°C and found to be rather negligible.
Next example deals with the realistic, anatomically based, model of the human body, Fig 3a, with average thermal properties (muscle tissue) as in the previous example. The finite element mesh of the homogeneous body exposed to GSM base station radiation is shown in Fig 3b. The corresponding value of external field is taken to be 0.16 V/m [9] . Figure 4 shows the temperature distribution inside the body. The maximal temperature computed from the finite element model of the body with muscle temperature properties, due to both metabolic heat production and electromagnetic power deposition is around 37.178°C. Consequently, the maximal temperature increase generated by power deposition due to GSM base station radiation is ΔT=1.75*10 -9°C which is rather negligibly small. The last example is related to two-dimensional model of the human eye exposed to the incident transverse magnetic (TM) plane wave with power density 5 mWcm -2 at frequency 0.85 GHz. Figure 6 shows the temperature increase in the human eye due to microwave radiation at 0.85 GHz. The corresponding logarithmic plot of average and maximum temperature increase in the human eye in the frequency range from 0.7 to 4.4 GHz is shown in Fig 7 . Temperature rise in the human eye due to the TM plane wave with frequency f=0.85 GHz and power density 5mWcm -2 [7] . Logarithmic plot of average and maximum temperature rise in the human eyes due to TM plane wave in the frequency range: 0.7-4.4 GHz, and power density 5 mWcm -2 .
Results shown in Fig 7 reveal a peak temperature increase in the eye near the GSM frequency of 900 MHz.
Conclusion
The paper deals with some thermal dosimetry methods for the study of human exposure to high frequency (HF) electromagnetic fields. The formulation is based on the stationary bio-heat transfer equation. Calculating the distribution of specific absorption rate (SAR) inside the biological body it is possible to determine a related thermal response to HF electromagnetic fields. The temperature increase is then assessed by solving the bio-heat transfer equation for different exposure scenarios via the Boundary Element Method (BEM) and the Finite Element Method (FEM), respectively. Some illustrative computational examples are presented throughout the paper.
where:
Applying the Green integral representation a following integral relation for an isolated subdomain can be written: 
where i stands for the source point and  s,j , represents the j-th boundary element of  s .
The present implementation is based on the isoparametric approach with quadratic interpolation functions over triangular and quadrilateral elements surrounding a region or subdomain of any arbitrary shape.
Using quadratic elements, the potential or its normal derivative, at any point of the j-th boundary element can be written in terms of their corresponding values at the n k collocation nodes by means of the interpolation functions a
The dimensionless coordinate  spans from the computational domain to the physical patch or boundary element. Performing certain mathematical manipulations and by applying Green's identity to equation (A5) one obtains corresponding matrix equation whose solution yields the values of the temperature increase. The DR-BEM is described in detail elsewhere, e.g. in [8, 10] .
The stationary bio-heat transfer equation for three-dimensional model of the body and two-dimensional eye model is handled via FEM.
The bio heat transfer equation (3) 
